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High Speed Position Sensor 
Abstract 

Here is disclosed an induction position sensor suitable for high speed applicalioas. 
Background 

In order to improve perfonnance of internal combustion engines it is desirable to be able 
to operate the engine valves by electronic means. Thereby eliminating the power 
consuming mechanical components that actuate the valves in prior art engines. 
-Electronic valve actuation also offers the ability to change valve timing by computer 
control for fiiilher benefits. In order to make a workable electronic valve actuator it is 
accessary to be able to sense the position of tiie valve in its movement A sensor for this 
explication must be able to work in the engine cnvironmmt, be accurate in its output and 
rapid in its re^KMise time. 



Description of Eoabodyment 
Sensor 

Fig 1 shows a sectional view and an end view of a sensor of the current invention. Coil 1 
is wound on bobbin 2. Hxc coil is 227 turns of 28 gauge copper wire. VTire leads 7 run 
from the coil to the associated circuit The bobbin is made of a suitable non-raagnctic 
niaterial, for example njdon. The bobbin and coil assembly is housed in housing 3, again 
made of a non-magnetic material as nylon. The tubular space between the coil and 
housing is filled vwth powdered fcrrite 5. Tins ferrite filler may be impregnated with a 
binder or it may be scaled into the space by seal 6. The ferrite 5 which forms a tube 
around the coil shields tfie coil electromagnetically and increases the inductance of the 
coil. Both the shielding and increased inductance enhance the performance of the sensor. 
The housing 3 is inserted into ring 4. Ring 4 is made of metal and may be a section of the 
valve actuator housing. The ring 4 acts to shield the coil electromagnetically: Position of 
shaft 8 in axial relation to the sensor coil assembly causes a diange in inductance, and 
inductive resistance of coil 1. Shaft 8 is made of magnetic steel. Region 9 on shaft 8 is 
copper plated. Region 10 on shaft 8 is not plated. The saisor determines the position of 
the transition 1 1 between the plated area 9 and the nnp|«t<rl area 10; 

Fig 2 shows dimensions of the sensor shown in Fig 1 . Dimoisions have a bearing on the 
inductance and resistaiKx of the coil and hence on perfonnance of fljc sensor. 

There is a factor, Q, called the quality factor of the coil that effects the performance of 
this circuit 



Q = 2 TTFL/R 
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Where; F = operating frequeacy of the coil in Hertz 
L « inductance of the coil in Henry's 
R = resistance of the coil in ohms 

It is desirable to have a value of Q of 100 or more for many applications. The gauge of 
the vnxc, the number of turns of vdre in the coil and the physical size of the coil all 
influence both L and R in the above equation- Larger wire lowers R Longer length of 
wire raises R Larger wire raises L. Larger diameter of the coil raises L. More turns of - 
wire raises L and raises R as more length of wire is used. Also, shielding on the coil has 
an influoice on its inductance and die operating frequency. 

. Fig 3 shows an alternate to the design of Fig 1 and Fig 2. In Fig 3 the shaft S has a region 
9 on its end that interacts with the field produced by the sensor coil to produce variability 
in output. In this case the relative position, of the end 1 1 of region 9 is determined. TTie 
region 9 may be a copper plated region of the shaft Region 9 may also be a stainless 
steel region of the shaft, dther magnetic or non-magnetic that is added to the shaft or is in 
&ct the shaft material in total. A sensor of hig|i resolution may be made if the region 9 is 
ferrite. The fenite may be a sintered part or it may be made of powdered fenite held " 
together in a matrix by a binder. 

Circuit 

Fig 4 shows the sensor osdllalor circuit used with this invention. The circuit has two 
main fimctioiial blodks, a regulated power supply atxi a tutied osciUafnr circuit 

The on board regulated +5 VDC sjipply (U 1 ) is used to power the oscillator functional 
block. 

The tuned oscillator circuit is comprised of an amplifier (U2) and tv/o reactive 
compoiKxits, an inductor LI and a ci^acitor C4. The frequency of the oscillator is: 
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The amplifier U2 shown in Figure 1 is a high speed CMOS hex inverter. The resistor R2 
is used to bias the input of the amplifier to compensate for the leakage current The 
resistor R3 and capacitor C3 provide the feedback path. A transistor amplifier or 
operational amp will also work in place of hex inverter U2. The drcuit shown in Figure 4 
has sine wave ou^ut (Jl- 2). The inductor LI is the coil in the sensors described here. 

In the circuit described here a coil and a capacitor are used in series. Change in reactance 
of LI is sensed by U2 through the feedback path (Fig 4). This causes the ou^ut of the 
circuit to vary witfi reactance of the coiL With &e circuit of Fig 4 there are four 
variables, fiequency of oscillation, inductance of LI, output voltage, and iixluctor 
resistance of LI. The circuit has output over a range dictated by the turns of the coil LI, 
capacitance of ibc capacitor C4 and pomeability of the flux path created by LI 
intersected by whatever objects ought be in thai flxjx path. The change in reactance of 
L 1 amplified by U2 is output of the circuit that indicates tiie position of a movable object 
that influences the reactance of LI. 

There are two ways that output can change with this circuit One is v/hcn the inductance 
of the coil LI changes, then frequency at J 1-2 will change. The otha is when the 
inductor resistance of LI changes, this also influetu:es fiequency of oscillation. 

Fig 5 and Fig 6 depict output circuitry for use with the circuit of Fig 4. This is a 
fiequency to voltage conversion circuit Output in VDC is at J2-2. 

Fig 7 is a block diagram of a circuit for digital output fiom the circuit of Fig 4. In the 
block diagram the block marked setisor is the circuit of Fig 4. The oscillator is a free 
running oscillator of high fiequency relative to the position sensor oscillator. The free 
running oscillator sources the input to the gate control logic. The sensor has a fi^equcncy 
output dependent on the position of the sensor actuator. The sensor sources the enable 
fimction to the gate control logic. The gate control passes fba oscillator clock to the 
counter when the enable fimction is true. The position sensor also sources a timing 
status to tbe controller. The counter records die oscillator clock for a pven Awadow. 
The window is determined by the position sensor frequency. At the completion of a 
count window the gate control logic stops the clock to the counter. The controller 
receives status that a count window is complete. The controller reads the counter, resets 
the count for the n^ cycle and provides an output dqicndent on the count data. 
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Linear position sensors and circuit 



Abstract 

Here are disclosed embodiments of non-contact linear position sensore and a circuit for 
operating the sensors. Movement of an metal or fetritc obiect in the eloctromagietic field 
produced by a sensor coil causes a change in the coQ's reactance. A tuned circuit 
produces-an electacal output that varies with the reactance of the coiL 

Background 

Linear non-contact position sensors arc well known in the art They suffer from 
complexity in their designs with resultingfai^ cost for production. It is an object of this 
mvention to provide a technology for a linear position sensor that provides accuracy 
durability and lowcosL. 

Description 
Circuit 

Fig. 1 shows the position sensor circuit The circuit has two main fimctional blocks, a 
regjilated power supply and a tuned osdilator dtcuiL 



The fimction of ac icgjriatcd power sitpply is to aUow the device to wodc^jn an mpot 
yoItagpofS-SCrVDCThcpoativc^oitagpisa^^ and 
gcpjmd<TetuinXis^lipdtoj3ffil. Anonboari^ is us„ito 

powerithe osdIlatOT^inctional33lock.fHs=vd axoaximum iiut 

voltage of +16V]Xl Ihe4r^^ voltagciimrtcdto 15VDC via the 

zcncrdiodeDl.kcqpstfcciEput voltage torn bdow the maximum tolcranoc. 

The tuned oscillator drcdt is compiised<of anan^Iificr (JJllmd two reactive 
components, an indnctocLl andiB[capacitorC4,TiKjfiwpcacyof<hcosciM 



f 



1 



2TrfLC 



The amp.h£er U2 shown in Figure 1 is a high !5)eod CMOS hcK invecfer. Tbc resistor R2 
IS used to bias the input of the amplifier to compensate for the leakage current Tlie 
TCsistor R3 and capacitor C3 provide the feedback path. A transistor amplifier or 
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operational amp will also work in place of hex inverter U2. The circuit shown in Figure 1 
has two output signals, a sine wave (CTI pin 2) and a DC voltage value (CTI pin 4). The 
diode D2 and capacitor C5 rectify the sine wave output to a DC voltage value. The 
transistor Q2 is used to add some drive current to the DC voltage output signal. The 
inductor LI is the coil in the sensors described here. 

With circuits for piior art proximity sensors a coil and capacitor arc used in parallel and 
tuned to give a strong signal at a particular frequency. In this way the prior art device is 
tmied to sense an object at a particular distance. In the circuit described here the coU and 
capacitor arc used in scries. This causes the output £bcquca<gr and voltage to vary with 

reactance of the coU. Thus a more linear output signal is produced that is more 
appropriate for sensing an object over a range of distances. 

Sensor 



Fig. 2 shows one embodiment of a sensor of the present invention. In this design a coil 
(LI ip. the circuit of Fig I) of conducting wire (for example 200 turns of 24 gauge copper 
wire) is wound ona plastic bobbin of the dimensions shown. A printed circuit board 
(PCB) with the circuit of Fig 1 is attached to tfac coil so that the wire connection &om the 
coil to the circuit is short Altcmatdy the circuit can be placed in a remote location. 
However, if the circuit is in a remote location the wine connection fixim tijc coU to ftc 
circuit should be a coaxial cable. An armature^ made of steel, resides ia the axial hole 
through the ccntcrof the coiL Axial movement ofthcatmalure in relation to the coil - 
causes change in o^pot of the circuit A scnsoroonstaicCod to dicsc specifications has 
voltage output ofthctraoexlcsignated "steel 1" in Fig; 5. It Aould be noted that Other 
dimensions for the coil includin&jtheiiseof adiflEaoitiinmbarof turn^ of a difiFocot 
pigcwirc,a<Iiflferatlcngth«ndadi^^ 

invention. AlsoanaimatutcniaybeusedtbiatKmadeofadifiFetcntm 

An example of a diffocntphysical size forthc sensor is shownin Fig: 3. This sensor also 
has 200 turns of24 gauge wire. It's output is shown as "steel 2" ou Fig 5. It is also noted 
that the armaturcneed not have a round cross section andAc coil could be woimd with a 
shape other flianciccular insection- 

AsCTSorasd«g)ictedinFig:2and.Fig.3 when used with a steel armature has output 
.resolution greatest when measured by voltage change. This device is accurate, durable 
and mexpensive. However, the output of the device wifhasCoel armaihic is affected by 
stray capacitance and by interference by metal objects that may move into the field 
su^unding the coQ that is produced by the coiL This interference may cause the output 
rcadmg to deviate fiom the reading without mtcrfeicncc by as much a 5% 

Reduction of effect of interference 

The steel armature may be icplsccd with an armature made fiom ferrite. With a steel 
armature the interaction of the field with the metal of the armature causes eddy currents 
m the armature that infitxfere with propagation of the field. Hence voltage output of the 
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circuit decreases as the armature is placed farther into the field within the coil geometry. 
(Fig 5) Ferrite materials have high magnetic permeability as well as being easily 
magnetized and demagnetized. When a annaturc made of ferrite is introduced into the 
field mside the coil the material in the armature couples with the field, resistance to 
propagation of the field is lowered and the voltage output of the circuit is increased. This 
output voltage is shown as "ferrite" in Fig 5. With the ferrite core in the sensor of Fig 2 
voltage output is not effected by the stray capacitance used in the test with the steel 
armature while the effect of a metal object in the external field is reduced to 2% of range. 

With the steel armature in the sensor described above and shown in Fig2 output 
frequency variation over the range shown in Fig 5 is 3 kHz starting at lOO kHz and going 
to 97 kHz. This is shown as "steel" in Fig 6. With the same coil with a ferrite armature 
firequency varies fi»m97 ffiz to 52 kHz for a total of 45 kHz over the same measuring 
range, while output voltage varies from 7.5 to 10.1 volts. The frequency variation is 
shown as "ferrite" in Fig 6 and the voltage variation as "fcirite" inFig 5. With a ferrite 
armature, better resolution is attained by using jfccqueacy for output Meanwhile, the 

same external forces that caxised a voltage change of 5% of range ia the sensor with a 
steel armature wiU cause a frequency change of 0.1% of range in the sensor with a ferrite 
armature. By usingaa armature made of ferrite a sensor can be inadc that is accurate, 
durable^ mimune to outside influences and low cost 

Another embodiment of the present invention is shown in Fig 4. For references and to 
show operational similarities to the design of Fig 2 a bobbin and coU with the same size 
and shape as the bobbin and coil in Fig 2 is used. AIso,200 turns of 24 wire arc 
'^J^^^ ^''°^y^<^i^ included in tfac4csign. Hie yoke is jnade offecrite in two 
L shaped picccstfaatarcfauttcdtogetharinsidctbccoiL The two legs of the two L's 
are pcqxaidrcular to.thc«ntcriinc of tfaccoiL . Thcfaiitc core cocplcsto the 
electromagnet fidd produced by the coil and conocnteafics it bctwecaitopcn legs. This 
.^n^r uses a sted aimatnnx Tlie armature moves pacaUdto ^^^^ 
field between the twocnds on the ferrite yoke. Ou^ inwlts is shownas "steel 3" in 
Fig 5. With this design the sensor can be made as a soUd constiuction-wilh no cavity for 
foreign matter to ooUecL The armature can be a soctiott<)f^ machine componenL Also, 
effg^tofstrayc^jacitanceontheou^utofthescnsoriss^ Agam,aswiththedcsigi 
of Fig2,othcrdimcnsiOTsfor4cooil indudingtfacuscof a different number of turns of 
a different gauge wire, a different length and a diffaeut inside diameter are within the 
scope of this invention. Also, the sensor may be made vsriMiout a bobbin. A one piece 
yoke may be used, electrical insulation placed on the yoke and the c&ff wound on the 
yoke with insulation. 
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Linear position and motion sensors and circuit 

Reference 

U.S. Patent 2,408,524 
U.S. Patent 2,461,210 

U.S. Patent 5,767,672 ... 
U.S. Patent 6,335,619 

Abstract 

Here are disclosed embodiments of non-contact position and motion sensors and a circuit 
for operating the sensors. Movement of a metal or fenrite object in the electromagnetic 
field produced by a sensor coil causes a change in the coil's reactance. A tuned circuit 
produces an electrical output that varies with the reactance of the coil. 

Background 

Linear non-contact position sensors are well known in the ait. One type is the linear 
vanable differential transformer (LVDT). They are comprised of a primary and two 
secondary windings that are variably coupled by a magnetic core. The movement ofthe 
core m relation to the winding produces variable output from the secondary windings; 
The variable output is used to indicate position ofthe core in relation to the devicc.°The 
LVDT IS accurate but they suffer from complexity in their designs with resulting high 
cost for production. Another type of position sensor is the inductive proximity sensor 
(IPS). The IPS has a single electrical coil mounted in a core of magnetic material. The 
coil and core with associated circuit produce an electromagnetic field that is projected 
from the core. Metal objects introduced into that field produce a change in the field that 
IS detected by the circuit. The IPS ofthe prior ait is usefiil for determining the presence 
.. or absence of an object at a specific location in relation to the sensor with moderate 
accuracy. Hiey arc low in cost but are not good at sensing movement or determining 
ocation with accuracy. It is an object of this invention to disclose a technology for a 
linear position sensor that provides accuracy, durability and low cost. It is also an object 
of this invention to disclose an apparatus that is appropriate for measuring amplitude and 
frequency of vibration and amplitude of acceleration. 

Material definition 

In this paper components that are made of"fenite" are discussed. There are many 
vaneties of ferrite in existence. Tlierc arc two classes of ferritc that have application in 
the art. One class of ferrites are called ''soft ferrites". Soft ferrites are materials of bgh 
magnetic permeability that are easily magnetized and demagnetized. These materials are 
appropnate for magnetics in high frequency applications. The other class of ferrites are 
called "hard ferrites". Hard ferrites are used for permanent magnets. VtOiat is meant by 
lemte in this paper is soft ferrite. 



EXPRESS MAIL NO. EL974046106US 19 



(New Atty. Dkt. 006-518-000) 
G. Brandt Taylor et al. 

006-511-000 



Throughout this paper and in all associated drawings the dimensions arc in inches. 
Description - Circuit 

With the prior art IPS a coil and a capacitor are used to generate an oscillating 
electromagnetic field which is projected by the sensor. With circuits for prior art 
proximity sensors the coil and capacitor are used in parallel and tuned to resonate at a 
particular frequency. When a metal object enters that field eddy currents are created in 
the object by the field created by the sensor. The eddy currents cause an increase in 
inductor resistance. That change causes a decrease in oscillator voltage. This change in 
voltage IS used for output There is no feedback path from the oscillator to an amplifier 
with the result that this device is less sensitive or accurate than the devices disclosed here. 

Fig 1 shows the sensor circuit of the present invention. The circuit has two main 
functional blocks, a regulated power supply and a tuned oscillator circuit 

The function of the regulated power supply is to allow the device to work on an input 

voltage of 8 - 50VDC. Tire positive voltage is applied to pin 3 of connector CTl and 
ground (return) is applied to pm 1. An on board regulated +5VDC supply (Ul) is used to 
power the oscillator functional block. This voltage regulator has a maximum input 
voltage of +16VDC. The transistor Ql with the base voltage limited to ISVDCviathe 
zener diode Dl . keeps the input voltage to UI below the maximum tolerance. 

The tuned oscillator circuit is comprised of an amplifier (U2) and two reactive 
components, an inductor LI and a capacitor C4. The frequency of the oscillator is: 



F = 



LC 



The amplifier U2 shown in Figure 1 is a high speed CMOS hex inverter. TTie resistor R2 
IS used to bias the input of the amplifier to compensate for the leakage current The 
resistor R3 and capacitor C3 provide the feedback path. A transistor amplifier or 
operational amp will also work in place of hex inverter U2. The circuit shoNvn in Figure 1 
"^T * '^''^ ^^"^^ P'" 2) and a DC voltage value (CTl pin A) The 

diode D2andcapacilorC5 rectify the sine waveoutput to alX: voltage value The ' 
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iransistor Q2 is used to add some drive current to the DC voltage outpm signal. The 
inductor LI is the coil in the sensors described here. 

In the circuit described here a coil and a capacitor are used in series. As with the IPS. an 
electromagnetic field is produced, and again the position of a metal object is sensed in 
that electromagnetic field by change in the reactance of the coil. Change in reactance of 
LI IS sensed by U2 through the feedback path (Fig I). This causes the output of the 
circuit to vary with reactance of the coil. With the circuit of Fig 1 there are four 
variables, frequency of oscillation, inductance of LI, output voltage, and inductor 
resistance of LL The circuit has output over a range dictated by the turns of the coil L 1 , 
capacitance of the capacitor C4 and permeability of the flux path created by LI 
mtersected by whatever objects might be in that flux path. The change in reactance of 
LI amphfied.by U2 is output of the circuit that indicates the position of a movable object 
that influences the reactance of L 1 . 

TTiere are two ways that output can change with this circuit. One is when the inductance 
of the coil LI changes, then frequency at CTI pin 2 will change. The other is when the 
inductor resistance of LI changes, then voltage at CTI pin 4 will change. When an 
oscillatmg electromagnetic field is produced by LI this field nominally surrounds LI on 
Its inside and outside. Objects of varying size and physical composition will have effect 
m varying degrees on one or both of these output parameters. The circuit and sensors 
here described exploit these changes. 

Position Sensors 



Fig 2 shows one embodiment of a sensor of the present invention. In all the examples of 
sensors presented in this paper the sensor coil iscbilLl iiiPig 1. In Fig 2 the coil is 
.njade of 200 turns of 24 gauge copper wire wound on a plastic bobbin of the dimensions 
shovNoi The voltage through the coil is of the magnitude of 5 to 10 volts. The number of 
ftims of wire m the coil in conjunction with the capacitance of capacitor C4 arc 
. detennmed by theintended frequency of operation. Tlie gauge of the wire, the nuirber of 
turr^ m the coil, and the capacitance of C4 can all be varied to produce devices that arc 
useful for a particular application. The gauge of the wire used may be primarily 
determined by manufacturing convenience and economy. 

A printed circuit board (PCB) with the circuit of Fig 1 is attached to the coil so that the 
wire connection from the coil to the circuit is short. Alternately the circuit can be placed 
in a remote location. However, if the circuit is in a remote location the wire connection 
from the coil to the circuit should be a coaxial cable. This relationship of the PCB ^vith 
the circuit of Fig 1 and the sensor coil holds true for all the sensors described in this 
pap?r.. An armature, made of steel, resides in the axial hole through the center of thecoil. 
Axial movement of the armature in relation to the coil causes change in output of the 
circuit. A sensor constructed to these specifications has voltage output of the trace 
designated "steel 1" in Fig 5. It should be noted that other dimensions for the coil 
including the use of a different number of turns of a different gauge wire, a different 
length and a different inside diameter are within the scope of this invention. In this-pap6r 
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steel indicates alloy 1018 steel. Other magnetic steel and iron alloys can be substituted 
for i 0 1 8 steel with similar or identical results. Also, an annature may be used that is 
made of non-magnetic metal. Aluminum, copper, copper alloys, and non-magnetic 
stainless steels can all be used. The output characteristics of the device when used with 
an armature made of a non-magnetic metal will vary from the output when the amiaturc 
IS made of steel. In .general, output of a sensor when using a non-magnetic metal 
annature will have less resolution and sensitivity than with a magnetic metal amiature. 

An example of a difFercnt physical size for the sensor is shown in Fig 3. This sensor also 
has 200 turns of24 gauge wire. If s output is shown as "steel 2" on Fig 5. It isalso noted 
that the annature need not have a round cross section and the coil could be wound with a 
shape other than circular in section. 

A sensor as depicted in Fig 2 and Fig 3 when used with a steel annature has output . 
resolution greatest when measured by voltage change. This device is accurate, durable 
and inexpensive. However, the output of the device with a steel annature is affected by 
stray capacitance and by mterference by metal objects that may move into the field 
sunoundmg the coil that is produced by the coil. This interference may cause the output 
reading to deviate by as much as 5% from what the reading would be if no interference 
were present 

Reduction of effect of interference 

The steel amiature may be replaced with an armature made from fcnite. With a steel 
annature the interaction of the field with the metal of the annature causes eddy currents 
in the annature that interfere with propagation of the field. Hence voltage output of the 
circuit d^reases as the annature is placed farther into the field within the coil geometrv 
(.Mg 5) Femte materials have high magnetic penneability as well as beino easily ' 
magnetized and demagnetized and fenite materials are non^nductors. \Vhenan 
annature made of fenrite is introduced into the field inside the coil the material in the 
annature couples with the field, resistance to propagation of the field is lowered and the 

T w^l'^u'^r^ ™^o"tP"t voltage is shown as.-fenitc'^ in Fig 

iJ^'^ fcmte core in the sensor of Fig 2 the effect of stray capacitance used in the - 
test with the steel armature is reduced to a level below the measurement capabilitN' of the 

equipment used ma«.tesL Hic effect of a metal object in the external field is reduced to 
/o or the measured output range. 

With the steel annature in the sensor described above and shown in Fig 2 output 
fr^uency variation over the range shown in Fig 5 is 3 kHz starting at 100 kHz and aoing 
10 97 kHz. This IS shown as "steel" in Fig 6. With the same coil with a fenite annaWe 
frequency vanes from 97 kHz to 52 kHz for a total of 45 kHz ox^er the same measuring 
range, while output voltage varies from 7.5 to 10:1 volts. The fi^uency variation is 
shown as fcmte m Fig 6 and the voltage variation as "fenite" in Fig 5. With a fcmie 
annature, better resolution is attained by using ficquency for output. Meanwhile the 
same<:xtemal forces that caused a voltage change of 5% of range in the sensor udih a 
steel annature will cause a frequency change of 0.1% of range in the sensor xvith a ferrite 
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armaiure. By using an armature made of fcrrile a sensor can be made that is accurate, 
durable, more immune to outside influences and low in cost. 

Another embodiment of the present invention is shown in Fig 4. For references and to 
show operational similarities to the design of Fig 2 a bobbin and coil with the same size 
and shape as the bobbin and coil in Fig 2 is used. Also, 200 turns of 24 gauge wire are 
used. Here a stationary yoke is included in the design. The yoke is made of ferrite in two 
"L" shaped pieces that are butted together inside the coil. The two legs of the two L's 
are perpendicular to the centerline of the coil. The feirite core couples to the 
electromagnet field produced by the coil and concentrates it between it's open legs. This 
sensor uses a steel armature. The armature moves parallel to the axis of the coil in the 
field between the two ends on the ferrite yoke. Output in volts is shown as "steel 3" in 
Fig 5. With this design the sensor can be made as a solid construction with no cavity for 
foreign matter to collect The armature can be a section of a machine component. Also, 
effect of stray capacitance on the output of the sensor is small. Again, as with the design 
of Fig 2, other dimensions for the coil including the use of a different number of turns of 
a different gauge wire, a different length and a different inside diameter arc within the 
scope of this invention- Also, the sensor may be made without a bobbin. A one piece 
yoke may be used, electrical insulation placed on the yoke and the coil wound on the 
yoke with insulation. 



Improved resolution 

An electromagnetic field is produced by the coil LI in the circuit of the instant invention. 
1 hat held IS depicted m Fig 7. As shown in Fig. 7, the field is both inside the windings 
of the coil and outside of the windings. In the devices shown m Fig 2. 3, and 4 a 

component ofthe particular sensor is used to interact with that part ofthe field that - 
resides inside of the coil. 

Fig 8 and Fig 9 show sensors similar to the sensors in Fig 2 and Fig 3. In the sensors of 
Hg 8 and Fig 9 f*>.rnte is used for the annatune. By placing ferrite in that part of the field 
that resides outside of the coil perfonnance of the device is improved. ?io g and Fi<^ 9 
sho w sensors that have ferrite in the field path outside of their coils. In Frg 8 the sensor 
coil, on its bobbin resides inside of a housing along with two shell sections The shell 
sections, which are made of ferrite, provide a path of high magnetic permeability on the " 
outside of the coil for the electromagnetic flux produced by the device: By lowering the 
relative distance that the flux path is in air to that distance that the flux path is in a W-h 
permeability material (ferrite) the resolution of the device is improved. The output of this 
device IS shown as Ferrite 8 in Fig 10. The aluminum housing is a mechanical protection 
a mounting mechanism, and also shields the sensor fi-om influence of metal parts 
intruding into stray components ofthe field produced by the sensor. It is important thit 
me inside diameter of the housing is spaced at somedistance (for example O.I inches) 
ti-om the coil. If It IS spaced to close the aluminum ofthe housing will interfere uath the 
tlux path of the field and lower resolution. 
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r-ig 9 shows a sensor of ihc type of Fig 8. With the sensor of Fig 9 the coil on its bobbin 
resides .ns.de of a tubular shield made of ferrile. The output of this sensor is shown as 
1-crr.le 9 .n Fig 10. The shield, coil, and circuit of this sensor may be molded into a 
plastic part. The coils used in the devices shown in Fig 8 and Fig. 9 have 200 turns of 34 
gauge wire. 

As with the sensor shown in Fig 2 and Fig 3, the sensors shown in Fig 8 and Fig 9 may be 
used with metal armatures. In that case the output would be taken in volts. Use of a steel 
or other metal aimature may be desirable for design considerations other than output 
resolution.. Femte has low mechanical strength and it may be desirable to have a 
stronger component for the amiature. It may be desirable to eliminate the mechanical 
. connection between the ferrite and the source of motion. For economy as well as strenath 
considerations it may be desirable to have the araiature as an extended portion of a 
machine component 

Actuator Outside of Coil 

Fig 1 1 is a representation of a field generator of a type commonly used in inductive 
proximity sensors. It has a ferrite core that is a composite of three cylinders. The core 
has a cy mdncal center section, a cylindrical rim that is concentric with the center section 
and a cylmdncal base that connects the center and rim. This type of core is called a pot 
?^ ^ ^ between the center section and rim resides an electrical coil 
yvhen this device is connected to an oscillating electric current a field is generated as 
depicted m Fig II. If the circuit is the circuit depicted in Fig 1 the position and 
rnovement of a metal actuator can be determined when that actuator is in tiie field If the 
actuator is moved m a plane parallel to the face of the pot core position of the actuator 
relauve to the center of the pot cote can be ascertained. Output of the device when a steel 
actuator moves across the face of die core in a plane parallel to the face of the cote is 
depicted m Fig 14 as >tcore". TTie coil in this device has 200 turns of 24 gauge vdre 
and uses the same bobbin as the devices shown in Fig 2 and Fig 4. 

Fig 1 2 shows a device that projects a field from its face in a similar way to the dex-ice in 
1*5 u ■ -T-^^ ""^ "'"^'^^ ""^ of the ferrite core of the device 

and these lines have an arc shape. Withthedeviceof Fig 12 a center portion of a ferrite 
core resides inside of a coil and another portion of the ferrite core is concentric to the 
center portion and resides outside of the coil. These two portions of the core are 
coimected by a third portion of the core. But now instead of the center portion bein. 
cylmdncal It has the shape of a rectangular prism. This core design is here called oval 
core With the pot core device the field generated is circular. With the oval core device 
the field generated is longer along die length of the center section. I f the cross section of 
he device is uniform in direction CO in Fig 12 then the flux distribution will be unifomi 
in the direction ofthe length, dimension l.lO in Fig 12. With this device a metal acniator 
may move m a plane parallel to the face of the core. The position of the actuator scdoe 
n the field is indicated by the output of the circuit. Since the flux distribution is ° 
ineanzed as compared to the flux of the pot core device the output fo7 this device is more 
linear. The output of this device with asteel target is shown as "oval core" in fig 14 
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Fig 1 3 shows a device with the same coil as the device in Fig 1 2, but the core in the 
device in Fig 13 has been tnincaled as compared lo the core used in the oval core device 
There is no ferritc around the ends of the coil. This device is here called an E core 
device. E shaped fenrite parts are common in the an. Since there is less material in the E 
core compared to the oval core the E core is less expensive. The output of the E core and 
oval core are practically identical, however because there is no ferrite around the ends of 
the coil the E core device is subject to output fluctuation caused by metal objects 
miajding into the field around the end of the device. The coils used in the devices shown 
in Fig 12 and Fig 13 have 200 turns of 34 gauge wire. 

It may be desirable to have an actuator with a cylindrical cross section for use with a 
device like the one in Fig 13. Fig 15 shows a device designed to be used with a 
cylindncal actuator. Sensors of this type are more sensitive if the perpendicular distance 
between the faces of the core from which the electromagnetic field emanates and the face 
ot the actuator that intersect that field are smaller. TTiat is, the distance that the 
electromagneuc field travels in air fi^om the core to the actuator is minimized In the 
device shown m Fig 1 5 the cross section of the core has been made so that the distance - 
Uiat the field travels to the actuator in air is small when the actuator is interacting with the 
field. In effect, the legs of the "E" have been stretched to bring the legs into close 
proximity to the actuator. In this way accurate sensors can be made that will work mth 
actuators that have shapes that are cylindrical, hexagonal, triangular, etc. 

In the same way that other metals could be substituted for steel when making armaUixcs 
for the devices of Fig 2. Fig 3. and Fig 4 other metals may be substituted for steel when 
making the actuators of Fig 1 1, Fig 12, Fig 13 and Fig 1 5. 

Acceleration Sensors ...... 

The various devices described in this paper can be modified to be used as accelerometers - 
f the armature m the devices of Fig 2, 3, 4, 7, or 8 or the targets of the devices of Fig 1 1 
I 1 J, or 1 5 are held at a fixed location within the field generated by the respective 
aevice by an elastic mechanism then deviation of output of the associated circuit will be 
an indication of a force of acceleration acting on that elastically held component. Said 
of viSo?" "^'^"^"^ '° indicate force of acceleration or amplitude and ficquency 

Fig 1 6 shows a device similar to the device depicted in Fig 9. The device in Fig 16 is 
adapted for use as an accelerometcr. Since measuring length is not an issue xvhen 
designing an acxelerometer, the device can be made small. The part components of the 
dev ce in Fig 15 are here described. The cylindrical armature is located in close siidin^ 
relationship inside the coil bobbin. A coil <in this case -200 turns of34 gauge wire) is ° 
wound on the coil bobbin. TTie bobbin with coil is firmly attached insile o f the feiite 
n?^ r t I "^^"""^ 'P""- ^"^ ^^^^ ^° »he outside of the shell and the 

- ^^""f '""'^^ ^^^'^ "^^y ^ dir^^ly mounted to a 

printed circuit board <PCB). This PCB may also mount the ^nsor circuit <Fig 1) fj^ 
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of acceleration acting on the mechanism in the sensing direction cause the armature to 
move ax.ally m the coil bobbin. The sensing direction is the axis of the coil. Movement 
ol the amiature m the assembly causes a change in output of the circuit. Sensitivity of the 
device to forces of acceleration can be adjusted by adjusting the mass of the amiature 
I his can bedone by changing the size of the annature, or by adding metal inside of the 
armature. The sensitivity can also by changed by changing the spring rate of the spnng. 
1 his device lias output in frequency and can be highly accurate. 

In some applications foraccelerometers it is not important that the device be able to 
detect and quantify forces over a range. It may be necessary only to detect a force of a 
gi ven magnitude or greater, i.e. for sensing a shock. An example of an application ^vhere 
a device of this specification is appropriate is for deploying automotive air bags. 

Fig 1 7 shows a device appropriate for sensing a shock. This device is similar to the 
device in Fig 1 6. Here the annature is made of steel and it may be welded to the spring 
A charactensuc of ferrite is it is brittle. This brittle character may cause a ferrite 
annature to fail under a severe strain situation. A steel armature obviates this problem 
Having the steel armature in loose fitting relation to the coil bobbin reduces sensitivity 
but reduces cost and increases durability. At most time the armature will not touch the 
bobbin so sliding wear is reduced. Tliis device has output in volts 



Materials of Construction 



T^ere exist vaneties of powdered iron and iron containing materials that have properties 
that make them usable substitutes for ferrite in the devices described here. Example are 
iron powder iron sihcide, and ferrite loading po>«ders. These materials are pou^ that 
can be mixed with various polymers<for example polyester) the resulting compositions 
ThSi """^ '° "'■^'^ "^^^ P^- is ^he intention of this paper 

£vlS d«cr^^^ " °f --Ponents of ST 



EXPRESS MAIL NO. EL974046106US 26 



> 

> 



a 



HI' 



(New Atty. Dkt. 006-518-000) 

G. Brandt Taylor et al. 

006-511-000 



_ is 



o 

1Kb-' 



c 
o 

M 

z 

w 

M O 

z F 
o < 

*- 

O 

w 



■AA<^ III 



5| 
E s 



HHi' 



i= r " 1 1 



EXPRESS MAIL NO. EL974046106US 27 
° ■ o ♦ 



(New Atty. Dkt. 006-518-000) 

G. Brandt Taylor et al. 

006-511-000 



coil bobbin (plastic) 



— 0.100 





00.436 
00.486 

0 1 .000 



-0.575 
— 0.775 



armature 



p0.420 








0 


1_ 




— 1,300 



armature at position 
1 in Fig 5 and Fig 6 






.X- 















armature 
coil bobbin 





leads 



ng 2 



EXPRESS MAIL NO. EL974046106US 28 



(New Atty. Dkt. 006-518-000) 
G. Brandt Taylor et al. 

006-511-000 



coil bobbin (plastic) 



armature 



— 0.100 





00.436 
00.486 

0 1 .000 



r 



0.420 



+-1.150 
— 1.350 



1.900 — 



O 



armature at position 
1 in Fig 5 





armature 
coil bobbin 



Rg 3 



EXPRESS MAIL NO. EL974046106US 29 



< « 



(New Atty. Dkt. 006-518-000) 

G. Brandt Taylor et al. 

006-511-000 



coil bobbin (plastic) 

--j— 0.100 ^00.436 

00.486 




r 



armature 



0.420 — 



0 1 .000 



0.575 
-0.775 



j— 0.250 



D 



— 1.300 



armature at position 
1 in Fig 5 

circuit armature -X -v ^coil bobbin 



I 



r 



] 



leads 



armature 




coil- 



yoke section 
2 required 



yoke 00.433 

(3 



-p0.41 1 
—0.181 



Rg 4 



EXPRESS MAIL NO. EL974046106US 30 



oo 

CO 

o 
> 



(New Atty. Dkt. 006-518-000) 

G. Brandt Taylor et al. 

006-511-000 




I...... 



■Steel 2 
■steel 1 
• steeL3 
fenrite 



< 



2 3 4 5 5 7 8 9 10 11 12 13 



Distance uidies*' 
Fig 5 



N 



o 
c 
u 

3 

or 



120 
100 
80 
60 
40 
20 
0 















. i - - - ■ ■ - . - I * ".* 
















, ' • v . "... 
. - \ 









ferrite 
steel 



1 2 3 



5 



8 



Distance inches*' 



Fig 6 



EXPRESS MAIL NO. EL974046106US 31 



(New Atty. Dkt. 006-518-000) 

G. Brandt Taylor et al. 

006-511-000 




— 0. 



0(1 



coil bobbin (plastic) 

— 1.250 
-0.750 



(New Atty. Dkt. 006-518-000) 
G. Brandt Taylor et al. 

006-511-000 



armature (ferrite) 



— 0.100 




0.400 
00.780 



— 1.160 



0.460 



00.360 
00.410 



m 

00.335-^ 
00.185-/ 



shell sections (ferrite) 
2 required 



r 



0.400 



housing (aluminum, etc.) 
■ 2.250 — 



— 0.950 




bobbin- 
circuit 

shell sections ( 
coil 



0.105 



armature 
at position 1 in Fig 10 



^t^/^ // /-y 



y:r/pf~?7 jj jj jf 




SECTION AA 



housing 



ASSEM-BLY 




Rg 8 

EXPRESS MAIL NO. EL974046106US 33 



coil bobbin (plastic) 



— 0.100 
-0.750 



— 0.950 




00.460 



00.360 
00.410 



(New Atty. Dkt. 006-518-000) 
G. Brandt Taylor et al. 

006-511-000 



armature (ferrite) 



shield (ferrite). 




00.335 
00.185 

00.560 

00.460 




— 0.950 



armature 
at position 1 in Rq 10 




ASSEMBLY 



Rg 9 



EXPRESS MAIL NO. EL974046106US 34 



(New Atty. Dkt. 006-518-000) 
G. Brandt Taylor et al. 

006-511-000 



N 

X 
J< 

>x 
o 
c 
o 

cr 
u 



140 
120 
100 
80 
60, 
40 
20 
0 































■'">■•■. 'rf* . ' .' 


■'.-•^.^ ' '. •■ ' ■' 






^ 


c «- - •■ ' 




















' *-5-'* * -' 










*i '.r^Ji! ' .-I 

•"■^-C 




1 2 


1 

3 


4 


5 


6 



■ferrite 8 
■ferrite 9 



Distance inches' 



Fig 10 



EXPRESS MAIL NO. EL974046106US 35 



(New Atty. Dkt. 006-518-000) 

G. Brandt Taylor et al. 

006-511-000 




section M 

Rg 11 



EXPRESS MAIL NO. EL974046106US 36 



(New Atty. Dkt. 006-518-000) 

G. Brandt Taylor et al. 

006-511-000 



ictuator 




oval core 



cojI 



actuator at position 
1 in Fig 14 




section DD 



core 




section CC 



Fig 12 



EXPRESS MAIL NO. EL974046106US 37 



(New Atty. Dkt. 006-518-000) 

G. Brandt Taylor et al. 

006-511-000 



ictuator 




E core 




actuator at position 
1 in Fig 14 



section DD 




core 



coil 



section CC 



Fig 13 



EXPRESS MAIL NO. EL974046106US 38 



(New Atty. Dkt. 006-518-000) 

G. Brandt Taylor et al. 

006-511-000 



o 
> 



14 -J. 
12 
10 
8 
6 
4 
2 
0 





Distance inches"' 



Fig 14 



EXPRESS MAIL NO. EL974046106US 



39 



(New Atty. Dkt. 006-518-000) 
G. Brandt Taylor et al. 

006-511-000 





section CC 
Rg 15 



EXPRESS MAIL NO. EL974046106US 40 



(NetifvAttyv Dkt. 006-518-000) 

G. Brandt Taylor et al. 

006-511-000 



coil bobbin (plastic) 



armature (ferrite) 



—0.375 



00.270 



—0.500 



00.180 




shell (ferrite) 



00.400 




00.270 



—0.500 



^^bobbir)/~<^o'^ 



armature 




/-spring 



00.179 



spring 

sensing direction 

i — A 



00.025 



_^ sensing 
— direction 



^ > / J A 

she 11-^ SECTION M 




ASSEMBLY (scale 3x) 



Rg 16 



EXPRESS MAIL NO. EL974046106US 41 



(NevT'Atty. Dkt. 006-518-000) 
G. Brandt Taylor et al. 

006-511-000 



coil bobbin (plastic) 



armature (steel) 



0.375 



—0.500 



00.270 



00.180 



0.2 



00.160- 



^00. 



020 



shell (ferrite) 



00.400 



■00.270 



—0.500 



spring 



bobbin ^^^.^.r.^ 
cor! /-spnng 



^^^^ 



armature 



/ 



sensing 



direction 



ihell-^ 



SECTION AA 

ASSEMBLY (scale 3x) 




Fig 17 



EXPRESS MAIL NO. EL974046106US 



42 



(New Atty. Dkt. 006-518-000) 
• ' : . G. Brandt Taylor et al. 

006-514-000 

Rotary Position Resolver 



Reference 



1 . United States Provisional Patent Application 

Taylor et al. "LINEAR POSITION AND MOTION SENSOR AND CIRCUIT" 

Abstract 

Rotary position detectors are described that use sensor technology disclosed in Ref. 1 . 

Portion sensors are described in Ref. 1 that project an electromagnetic field from a face 
ot the sensor. Movement of a metal actuator across the face of the sensor causes a 
change m the electromagnetic field. Change in the field causes the circuit associated with 
the sensor to change its outpuL This change in output is used to indicate position of the 
actuator relative to the sensor. By making the actuator in a spiral or helical shape and 
-attaching that actuator to a rotating shaft, rotary position of the shaft can be detennined. 

Background 

Various technologies are used for detennining (he angular position of an object about an 
axis ot rotation. Optical, electrical, electrostatic and magnetic fields arc all used with 
apparatus to measure position. There are many known apparatus for using these energies 
for sensing angular position. A few are resistive contacting sensors, inductively coupled 
. ratio detectors, capacitively coupled ratio detectors, optical detectors using the Faraday 
effect photo-activated ratio detectors, radio wave directional comparators, electrostatic 
ratio detectors and variable reluctance devices. There are many othere. 

The advancements disclosed in Ref I with regard to variable reluctance devices is 
exploited here with relation to rotary position sensing. 

Description 

Fig I sho^^^ the sensor circuit of the present invcnUon. Tlic circuit has two main 
functional blocks, a regulated power supply and a tuned oscillator circuit 

The fimction of the regulated power supply is to dlow the device to wdr^ 

vdtage of 8 - 50VDC. Tlie positive voltage is applied to pin 3 of connector cTl Td 

ground (return is applied to pin 1 . An on board regulated +5VDC supply <U 1 ) is used to 

voltage of +16VDC. ThetransistorQl with the base voltage limited to 15VDC via-the - 
zener diode Dl, keeps the input voltage to Ul below the maximum tolerance. 

ThetunedoscilIatorcircuitiscomprisedofanamplifier(U2)andtwoFeactive 
components, an inductor LI and a<:apacitor C4. Tlic fiequcncy of the oscillator 
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The amplifier U2 shown in Figure 1 is a high speed CMOS hex inverter. The resistor R2 
IS used to bias the input of the ampUfier to compensate for the leakage current The 
resistor R3 and capacitor C3 provide the feedback path. A transistor amplifier or 
operational amp will also work in place of hex inverter U2. The circuit shown in Figure 1 
has two output signals, a sine wave (CTI pin 2) and a DC voltage value (CTl pin 4) The 
diode D2 and capacitor C5 rectify the sine wave output to a DC voltage value The 
transistor Q2 is used to add some drive current to the DC voltage output signal. The 
inductor LI is the coil in the sensors described here 



Sensor 



- l^^,]f^'^.^'^'f'^'yP^'^'^^^ The coil of the sensor is 

^ sensor the coil is mounted into a core made of a magnetic 

material (for example fenrite) that has an E shaped cross section. In operation an 
elecq-omagnebcfiel^^^ 

^ r . '"^'^^ '"^^'^ fi^»<*' «i<*y are created in 

the actuator that interfere with the field. Inductor resistance is increased causing the 

voltage output ofthe circuit to decrease. An example of this change in output of the 
deS^in Fig r^"" '""'^"^ """"^ more of the field produced by the sensor is 

Rotary motion resolution 

Fig 4_shows ac^^^ a^g^^, ^^^^.^^ ^^^.^^ ^ ^^^^^ ^^^^ 

2^is awf fu'f '^i'"^""^ ^ P^tnides through a hole in the mount 

t . ^^^^ t° «i^'y i" the hole. An 

actuator plate IS affix^ 

o a e^?'"^?! '^u^^'^"''^*"^- "I^«0"tsidecdgeofthe metal actuator. 
,hf 1 ft ' T' ^Wy rotates about the axis of 

the shafta^greater or lesser amount of metal interacts with the field produced by the 

sWof^'' "^u ^^ee- By judicious choice ofthe 

shape ofthe actuator the output ofthe sensor circuit can be adjusted for various angular 

oT? '"i^^.""' ^^'-kwiseand counter clock^vise over 
an angel of less than 360 degrees. In that case, one particular voltage value will be output 

shaft . Position of tlie actuator- 
shaft assembly will be detected when it is moving and it is at rest 
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Fig i shows an alternate design for an actuator plate. An actuator plate of this shape 
might be used when the shaft to which it is attached rotates for 360 degrees or more. In 
this case when the shaft is rotated for 360 degrees the output of the circuit will fluctuate 
from Its high value to its low value and back to its high value. Position of the plate at rest 
IS only known at the angular position corresponding to the high voltage reading and to the 
position at the low voltage reading. Otherwise there are two angular positions that have 
the same voltage output. However, if the shaft always rotates in one direction either 
clockwise or counterclockwise, then angular position can be determined once there is 
rotation of the shaft. Once rotation occurs, then voltage is either increasing or 
decreasing. The voltage output value and the fact of increasing or decreasing voltage 
allows the circuit that receives output from the circuit of fig 1 to identify angular 
position. Alternately, an electronic latch can be used that latches at the high voltage and 
un atches at the low voltage or vise versa. Then combination of the latch state and 
voltage vaJue of the circuit of will indicate position of the actuator-shaft assembly. 

In Fig 4 and Fig 5 actuators are shown that have an actuator surface that moves radially 
in relation to the axis of rotation. Fig 6 and Fig 7 show actuators that have actuator feces 
that mo ve axially with rotation of the actuator-shaft assembly. The output of the device 
depicted m Fig 6 IS similar to the output of the device depicted in Fig 4. The output of 
the device depicted in Fig 7 is similar to the output of the device depicted in Fig 5. 

Sensore of the type depicted in Fig 2 and used here are sensitive to motion of the actuator 
in the dilution perpendicular to the face on the sensor. One application where the device 
snown m Fig 4 might find application is for detecting angular position of throttle shafts 
used with internal combustion engines. However, axial run out of throttle shafts is 
inherent in the design of the mechanisms currently in use. Fig 8 shows a device that 
Mmpensates electronically for axial nm out of the shaft. Two sensors of the type used in 

\ ^"eidly held m a mount so that they face each other and are parallel to each 
other. The actuator plate is mounted midway between the two sensors. Axial movement 
ot the actuator-shaft assembly causes the inductive resistance of one sensor coil to 
decrease while causmg the other sensor coil to have an increase in inductive resistance 
tfy summing the inductive resistance of the two coils, here called LI and L2 the effect of 
axial movement of the actuator-shaft assembly on voltage output of the deviU is reduced. 

Fig 9 shows tJie two coils wired in series in thedrcuit of Fig I. Fig 10 shows thecoils 
wired m parallel. Both ways arc effective in lessening the effect of axial run out of the 
stiatt. 
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